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Regulation of Ca2� transport determines the duration of a Ca2� signal, and hence, the nature of the biological response.
Ca2�/H� antiporters such as CAX1 (cation exchanger 1), play a key role in determining cytosolic Ca2� levels. Analysis of
a full-length CAX1 clone suggested that the CAX1 open reading frame contains an additional 36 amino acids at the N
terminus that were not found in the original clone identified by suppression of yeast (Saccharomyces cerevisiae) vacuolar Ca2�

transport mutants. The long CAX1 (lCAX1) could not suppress the yeast Ca2� transport defects despite localization to the
yeast vacuole. Calmodulin could not stimulate lCAX1 Ca2�/H� transport in yeast; however, minor alterations in the
36-amino acid region restored Ca2�/H� transport. Sequence analysis suggests that a 36-amino acid N-terminal regulatory
domain may be present in all Arabidopsis CAX-like genes. Together, these results suggest a structural feature involved in
regulation of Ca2�/H� antiport.

Calcium (Ca2�) levels in the cytosol fluctuate in
response to growth, development, and environmen-
tal perturbations (Sanders et al., 1999; Curran et al.,
2000). The degree and duration of the cytosolic Ca2�

“spike” determines the plant’s biological response.
Like all eukaryotes, plants utilize transporter systems
to meticulously control Ca2� concentrations in differ-
ent cellular compartments (Bush, 1995; Harper et al.,
1998; Sze et al., 2000). Influx of Ca2� to the cytosol
occurs as a “downhill” transport through Ca2� chan-
nels (Chung et al., 2000). Ca2�/H� antiporters along
with Ca2�-ATPases regulate the active Ca2� efflux
from the cytosol (Ueoka-Nakanishi et al., 1999;
Chung et al., 2000; Hirschi, 2001). The mechanisms of
Ca2�-ATPase regulation have begun to emerge re-
cently (Curran et al., 2000; Hwang et al., 2000b);
however, little is known about regulation of other
plant Ca2� transporters (Sze et al., 2000).

Ca2�/H� exchange helps to establish the concen-
tration gradient of Ca2� across the tonoplast (vacuo-
lar membrane; Schumaker and Sze, 1985; Blumwald
and Poole, 1986). Two Arabidopsis genes, CAX1 (cat-
ion exchanger 1), and CAX2 were identified by their
ability to sequester Ca2� into vacuoles in Saccharomy-
ces cerevisiae mutants deleted in vacuolar Ca2� trans-
port (Hirschi et al., 1996; Mäser et al., 2001). In Ara-
bidopsis, the high-affinity, high-capacity Ca2�/H�

transporter CAX1, and a closely related gene, CAX3
(HCX1), are both highly expressed in response to
exogenous Ca2�, whereas the low-affinity Ca2�/H�

transporter CAX2 is not induced by exogenous Ca2�

(Hirschi, 1999, Hirschi et al., 2000; Shigaki and Hirs-
chi, 2000). Aside from these findings, nothing is
known regarding the regulation of these Ca2�/H�

transporters.
The plant Ca2�-ATPases may serve as a useful

prototype for potential regulatory mechanisms that
may be utilized among plant Ca2� transporters. The
Arabidopsis endoplasmic reticulum Ca2�-ATPase,
ACA2, can be activated or repressed by regulatory
molecules binding to the N terminus (Harper et al.,
1998; Hwang et al., 2000a). Calmodulin binding to
the N terminus causes activation, whereas the pump
can be inhibited by a Ca2�-dependent protein kinase
(CDPK) phosphorylation at Ser-45 (Hwang et al.,
2000b). Thus, the pump can be activated or repressed
by different sensors that are responding to alterations
in cytosolic Ca2�. In addition, N-terminal truncations
of ACA2, the plasma membrane (PM) Ca2�-ATPase
SCA1 (soybean; Glycine max), and the vacuolar Ca2�-
ATPases ACA4 (Arabidopsis) and BCA1 (cauliflow-
er; Brassica oleracca) are required for these gene prod-
ucts to suppress yeast mutants defective in vacuolar
Ca2� transport (Harper et al., 1998; Chung et al.,
2000; Geisler et al., 2000; Malmström et al., 2000).
These studies suggest that Ca2� pumps in plants
contain important regulatory domains at the N
terminus.

To investigate the potential N-terminal regulatory
domains within CAX1, we obtained a full-length
cDNA clone of CAX1. This long CAX1 (lCAX1) clone
contained additional coding sequences at the N ter-
minus that were not present in the clone character-
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ized by function in yeast (Hirschi et al., 1996). We
expressed, localized, and determined the transport
properties of lCAX1 when expressed in yeast. We
then modified the N terminus of lCAX1 in an attempt
to modify transport activity in yeast. Sequence anal-
ysis suggests that the Arabidopsis CAX transporters
contain N-terminal amino acids not found in the
previously cloned CAX1 and CAX2. These findings
offer insights into the regulation of Ca2�/H�

antiport.

RESULTS

Identification of lCAX1 cDNA

A BLAST search of the GenBank sequence database
using the CAX1 cDNA sequence (Hirschi et al., 1996)
identified an expressed sequence tag (EST) clone (ac-
cession no. BE038949) that had a high level of simi-
larity with the CAX1 sequence. As shown in Figure 1,
the EST codes for a predicted open reading frame
identical to all 427 amino acids of CAX1 except for an
additional 36 amino acids at the N terminus. This
EST was obtained and fully sequenced to verify the
fidelity of the open reading frame. We have named
this cDNA long CAX1 (lCAX1) in order to differen-
tiate it from the shorter CAX1 (sCAX1) previously
cloned. The lCAX1 sequence is consistent with the
predicted open reading frame of CAX1 from the
genomic database (accession no. AC003028).

lCAX1 Cannot Suppress a Yeast Mutant Defective in
Vacuolar Ca2� Transport

To test the function of lCAX1 in yeast, the lCAX1
cDNA was inserted into a high-copy yeast expression
plasmid under the control of the glyceraldehyde-3-
phosphate dehydrogenase promoter (Nathan et al.,
1999) and expressed in the yeast mutant K667 (Cun-
ningham and Fink, 1996). This strain lacks the endog-
enous vacuolar Ca2�-ATPase PMC1 and vacuolar
Ca2�/H� antiporter VCX1 and thus is defective in
vacuolar Ca2� transport, making it unable to grow on
high-Ca2� media (Cunningham and Fink, 1996). This

mutation can be suppressed by VCX1, Arabidopsis
sCAX1 and CAX2, and mung bean (Vigna radiata)
VCAX1 (Cunningham and Fink, 1996; Hirschi et al.,
1996; Ueoka-Nakanishi et al., 2000). We examined the
growth of K667 yeast cells expressing sCAX1, lCAX1,
or the vector alone in liquid medium containing a
range of CaCl2 concentrations from 100 to 200 mm.
The lCAX1-expressing strain was unable to suppress
the Ca2� sensitivity of K667, whereas the sCAX1-
expressing strain successfully rescued the growth de-
fect of K667 (Fig. 2A). The growth of lCAX1-
expressing strains was indistinguishable from that of
the vector control-transformed yeast (Fig. 2A). In a
similar manner, when growth of these yeast strains
was compared on solid media containing 200 mm
CaCl2, no growth was visible for the lCAX1-
expressing strain, whereas sCAX1 suppressed the
growth defect (Fig. 2B). We tested the possibility that
lCAX1 was not being expressed in the transformed
K667 yeast strain. Although a specific antibody to
lCAX1 was unavailable, the transcription of lCAX1 in
yeast was demonstrated by reverse transcriptase
(RT)-PCR using specific primers designed against the
lCAX1 sequence. The presence of lCAX1-specific
transcripts in lCAX1-transformed yeast, but not from
vector-alone or sCAX1-expressing yeast (data not
shown), confirmed that the lCAX1 mRNA was tran-
scribed in K667.

lCAX1 Is Localized at the Vacuolar Membrane in Yeast

The inability of lCAX1 to suppress yeast mutants
defective in vacuolar Ca2� transport could be due to
localization of the protein to a different membrane.
The extended N terminus may encode a signal pep-
tide, although none were identified using various
motif prediction programs (data not shown). To iden-
tify the cellular location of lCAX1 in yeast, an
epitope-tagged variant was generated by the fusion
of a triple copy of hemagglutinin (HA) to the N
terminus (HA:lCAX1). An N-terminal HA epitope
tag has been used previously to identify the cellular
location of VCX1 in yeast and transgenic Arabidopsis

Figure 1. Structure of lCAX1 compared with
that of sCAX1. lCAX1 contains an additional 36
amino acids at the N terminus. This domain
(shaded) has been named N1-36. The sequence
of the first 37 amino acids of lCAX1 is shown.
The start Met for sCAX1 is also shown. Follow-
ing the identification of a sequencing error, the
original nucleotide sequence of sCAX1 depos-
ited in the GenBank database was recently
amended, as previously described (Shigaki and
Hirschi, 2000), thereby changing the length of
the sCAX1 open reading frame from 459 amino
acids to 427 amino acids. This altered open
reading frame is identical to amino acids 37 to
463 of lCAX1.
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(Cunningham and Fink, 1996; Hirschi et al., 2001),
and to confirm the localization of sCAX1 to the
vacuolar membrane of yeast (T. Shigaki and K.D.
Hirschi, unpublished data). The HA epitope tag did
not appear to disrupt antiport function because both
HA:VCX1 and HA:sCAX1 had the ability to suppress
the Ca2� sensitive phenotype of K667 (Cunningham
and Fink, 1996; T. Shigaki and K.D. Hirschi, unpub-
lished data). In addition, an N-terminal green fluo-
rescence protein tag has successfully been used to
identify the localization of VCAX1 in transgenic to-

bacco (Nicotiana tobacum; Ueoka-Nakanishi et al.,
2000). As shown in Figure 3, western-blot analysis of
yeast membranes fractionated on Suc gradients
showed that sCAX1 cofractionated with vacuolar
membranes. HA:lCAX1 was detected only in the 28%
to 36% (w/w) Suc fractions and its distribution cor-
responded with that of HA:sCAX1 and the yeast
vacuolar membrane marker ALP.

Inability of lCAX1 to Transport 45Ca in Yeast

It is presumable that lCAX1 failed to suppress
yeast strains deficient in vacuolar Ca2� transport due
to this transporter’s inability to drive Ca2� transport
into the yeast vacuole. To directly test Ca2�/H� an-
tiport activity, we isolated yeast endomembrane ves-
icles purified from sCAX1, and lCAX1-expressing
K667 cells. The capacity for �pH-dependent Ca2�

uptake was measured by a filtration assay. As shown
in Figure 4A, Ca2�/H� transport by sCAX1 mea-
sured using 10 �m 45CaCl2 was consistent with pre-
vious results (Hirschi et al., 1996), but no Ca2� trans-
port was demonstrated for lCAX1 when assayed with
a range of Ca2� concentrations from 1 to 100 �m (Fig.
4B; data not shown). The presence of the Ca2�-
binding protein calmodulin also had no effect on
lCAX1-mediated Ca2� transport (data not shown).

Truncations of the lCAX1 N-Terminal Region
Restore Activity

To determine which amino acid residues were in-
volved in inhibition of lCAX1 activity, a number of
lCAX1 mutants were generated by PCR-based site-

Figure 3. Intracellular localization of HA:sCAX1 and HA:lCAX1 in
K667 mutant yeast. Yeast microsomal membranes were extracted
and fractionated through a 15% to 50% (w/w) Suc gradient and 1-mL
fractions were collected. Approximately 2 �g of protein from each of
the seven fractions from 21% to 41% (w/w) Suc were separated by
SDS-PAGE, blotted, then subjected to western-blot analyses using the
anti-HA monoclonal antibody (HA:sCAX1 and HA:lCAX1) and an
antibody against a yeast vacuolar membrane marker alkaline phos-
phatase (ALP).

Figure 2. A, Ca2� tolerance assay of K667 mutant yeast-expressing
vector alone (Œ), sCAX1 (F), or lCAX1 (�). Yeast strains were grown
in selection media overnight at 30°C and diluted to an optical density
at 600 nm (OD600) of 1.0, then inoculated into fresh yeast peptone
dextrose (YPD) media containing a range of CaCl2 concentrations
from 100 to 200 mM. Yeast cells were grown for 16 h at 30°C in
flat-bottomed 24-well dishes. Cell density was determined by mea-
surements at OD600. B, K667 yeast strains expressing vector alone,
sCAX1, and lCAX1 were grown in selection media overnight at 30°C
and diluted to an OD600 of 1.5, then spotted onto YPD media alone
and YPD media containing 200 mM CaCl2. Yeast growth on YPD
alone and YPD with 200 mM CaCl2 was photographed after 1 and
3 d, respectively.
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directed mutagenesis (Fig. 5A). The introduction of a
point mutation converting Met-37 to Ile-37 (lCAX1-
M37I) did not restore growth of K667 on 200 mm
CaCl2 (Fig. 5B), indicating that the lack of lCAX1
activity was not due to the presence of two Met
residues in close proximity (Met-1 and Met-37). A
truncated variant of lCAX1 lacking the first 36 resi-
dues was generated by converting Met-1 into Ile
(lCAX1-M1I), so that translation would be initiated at
Met-37, thereby converting lCAX1 to sCAX1. Re-
moval of all 36 residues restored the activity of
lCAX1, as demonstrated by suppression of the K667
phenotype on 200 mm CaCl2, making it comparable
to the growth of the sCAX1-expressing cells (Fig. 5B).
In an attempt to delineate any potential regulatory
domain in N1-36, various N-terminal truncated vari-
ants of lCAX1 were generated, lacking either the first
10, 20, 30, or 32 amino acid residues (�10-lCAX1,
�20-lCAX1, �30-lCAX1, and �32-lCAX1; Fig. 5A). All
of the truncated forms of lCAX1 were able to sup-
press the K667 mutant, and growth was found to be
indistinguishable from sCAX1 and lCAX1-M1I (Fig.
5B; data not shown).

To confirm that the Ca2� tolerance observed for the
�10-lCAX1-expressing yeast strain was due to a res-
toration of Ca2� transport activity, 45Ca2�/H� trans-
port was measured from endomembrane vesicles
obtained from �10-lCAX1-expressing yeast cells.
Ca2�/H� transport by �10-lCAX1 was measured
using 10 �m 45CaCl2, and was comparable to the
activity observed for sCAX1-expressing cells,
whereas transport was absent for lCAX1 (Fig. 6).

Other CAX-Like Genes Contain Similar
N-Terminal Domains

The N-terminal 36-amino acid sequence of lCAX1
(N1-36) was compared with the sequences of other
CAX-like genes. This analysis found that VCAX1 of
mung bean (Ueoka-Nakanishi et al., 1999) and Ara-
bidopsis CAX3 (Shigaki and Hirschi, 2000) also pos-
sess similar N-terminal sequences (Fig. 7A). In
addition, the genomic database suggests that the en-

dogenous CAX2 (accession no. AB024034) may con-
tain a 42-amino acid extension not found in the clone
that suppressed the yeast vacuolar Ca2� transport
mutant (Hirschi et al., 1996). However, the sequence
of VCX1 from S. cerevisiae does not appear to contain
an extended N terminus (Fig. 7A). The N1-36 domain
of lCAX1 shares significant sequence similarity with
the extended N termini of most of these genes, with
the highest similarity found between lCAX1 and
CAX3 (Fig. 7A). This gene has previously been
shown to share 77% identity at the amino acid level
with the entire sCAX1 sequence (Shigaki and Hirschi,
2000). As shown in Figure 7A, 24 of the 36 amino
acids in the N1-36 domain are shared between lCAX1
and CAX3.

DISCUSSION

Regulation of Ca2� signals is contingent upon the
precise control of transporters and channels that
modulate the amount of Ca2� in the cytosol
(McAinsh and Hetherington, 1998). Ca2�/H� anti-
porters are part of the ensemble of transporters that
help modulate the duration of these Ca2� signaling
events (Ueoka-Nakanishi et al., 2000). However, the
mechanisms by which the plant Ca2�/H� antiporters
are regulated are unknown (Sze et al., 2000; Hirschi,
2001). The Arabidopsis CAX1 gene was identified
previously as the putative vacuolar Ca2�/H� anti-
porter due to the gene product’s ability to suppress
yeast mutants defective in vacuolar Ca2� transport
(Hirschi et al., 1996). Ectopic expression of this CAX1
gene product in tobacco causes alterations in Ca2�

homeostasis and stress sensitivities, which implies
that regulated expression of Ca2�/H� antiporter ac-
tivity is a vital component of plant responses to the
environment (Hirschi, 1999). Analysis of the Arabi-
dopsis genome and ESTs suggested that the endog-
enous CAX1 may contain 36 amino acids at the N
terminus not present in the initial clone of CAX1. For
the sake of clarity in this report, we have termed the
original clone short CAX1 (sCAX1), and the CAX1

Figure 4. Time course of �pH-dependent
10-�M 45Ca2� transport into endomembrane-
enriched vesicles prepared from K667 mutant
yeast expressing either A, sCAX1; B, lCAX1; or
C, vector alone. Ca2� transport was determined
in the absence (Œ) or presence (F) of 5 �M

gramicidin. Ca2� transport in the presence of
gramicidin was not determined for the first two
time points. All time course experiments were
performed in the presence of 0.1 mM NaN3, 0.2
mM Na orthovanadate, and 1 mM ATP. The Ca2�

ionophore A23187 (5 �M) was added at the
times indicated (arrow). Results are the average
(�SE) of three independent experiments.
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cDNA clone containing the 36-amino acid N-terminal
region long CAX1 (lCAX1). This 36-amino acid re-
gion has been termed N1-36 or the regulatory region.
In the future, we will refer to lCAX1 as CAX1 and
sCAX1 will become the constitutively activated form
of CAX1.

The lCAX1 clone was unable to suppress yeast
mutants defective in vacuolar Ca2� transport (Fig. 2,
A and B). Using RT-PCR, we demonstrated that
lCAX1 was transcribed in yeast (data not shown).
Thus, the failure to suppress the yeast mutations was
not due to a failure to transcribe the Arabidopsis
gene. Furthermore, HA-tagged sCAX1 and lCAX1
both colocalize to the yeast vacuolar membrane (Fig.
3). This suggests that the failure of lCAX1 to suppress
these mutations was not due to altered localization of
the protein in yeast. This also indicates that the N
terminus is not necessary for vacuolar membrane
localization. We then isolated endomembrane vesi-
cles from yeast cells expressing lCAX1. The failure to
suppress the yeast mutants was not due to lower
activity of Ca2�/H� transport, but rather it appeared
to be due to the complete absence of endomembrane
Ca2�/H� activity. The level of transport activity in
lCAX1 cells was comparable to levels found in yeast
membranes expressing vector controls (Fig. 4).

These findings suggested that the N-terminal re-
gion of lCAX1 acts as an autoinhibitory domain for
Ca2�/H� transport activity in yeast. The Arabidopsis
Ca2�-ATPase, ACA2, has been shown previously to
have regulatory elements at the N-terminal autoin-
hibitory region (Harper et al., 1998; Hwang et al.,
2000a). Only ACA2 cDNA clones with truncations at
the N terminus are able to suppress yeast mutants
defective in endomembrane Ca2� transport. A
calmodulin-binding sequence is present within the
first 36 residues of the N-terminal domain of ACA2,
and the full-length gene product demonstrates
calmodulin-stimulated Ca2� transport in yeast
(Harper et al., 1998; Hwang et al., 2000a). This indi-
cates that the N terminus of ACA2 acts as a
calmodulin-regulated autoinhibitory domain. A
CDPK-binding site is present in the N terminus of
ACA2 that phosphorylates a Ser residue near the
calmodulin-binding site. This CDPK activity inhibits
ACA2 activity (Hwang et al., 2000b). Thus, ACA2 is

Figure 5. The ability of lCAX1 mutants with structural alterations at
the N-terminal tail to suppress the Ca2�-sensitive growth phenotype of
K667 mutant yeast. A, Schematic representation of the first 37 amino
acids of lCAX1 summarizing the point mutations and truncations that
were generated. Highlighted Ile residues indicate a substitution from
Met. Highlighted Met residues indicate the addition of a Met that was
created to initiate translation following truncation. B, Growth analysis
of K667 mutant yeast expressing sCAX1, lCAX1, lCAX1-M1I, lCAX1-
M37I, �20-lCAX1, �10-lCAX1, and vector alone. The yeast strains
were streaked onto either plates containing YPD alone or YPD sup-
plemented with 200 mM CaCl2, then grown at 30°C for 2 d.

Figure 6. Time course of �pH-dependent 10-�M
45Ca2� transport into endomembrane-enriched
vesicles prepared from K667 mutant yeast express-
ing either A, sCAX1; B, �10-lCAX1; or C, lCAX1.
Ca2� transport was determined in the absence (Œ)
or presence (F) of 5 �M gramicidin. Ca2� transport
in the presence of gramicidin was not determined
for the first two time points. All time course exper-
iments were performed in the presence of 0.1 mM

NaN3, 0.2 mM Na orthovanadate, and 1 mM ATP.
The Ca2� ionophore A23187 (5 �M) was added at
the times indicated (arrow). Results are the aver-
age (�SE) of two independent experiments.
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regulated between calmodulin stimulation and
CDPK inhibition. In a manner analogous to the Ca2�-
ATPases, much evidence suggests that plant PM H�-
ATPases are regulated by a C-terminal autoinhibi-
tory domain (for review, see Palmgren, 2001). For
example, the Arabidopsis H�-ATPase AHA2 is acti-
vated by the binding of a 14-3-3 protein to the auto-
inhibitory domain and this binding is induced by a
protein kinase-mediated phosphorylation of a spe-
cific Thr residue in this domain (Palmgren, 2001).

Like ACA2, lCAX1 was derepressed by alterations
in the N terminus. Deletions of the first 10, 20, 30, or
32 amino acids at the N terminus caused the gene
product to suppress yeast mutants defective in vac-
uolar Ca2� transport (Figs. 5 and 6; data not shown).
Because �10-lCAX1 was able to suppress the mutant
yeast phenotype (Fig. 5) and transport Ca2� as effi-
ciently as sCAX1 (Fig. 6), it might be concluded that
the first 10 amino acids of lCAX1 are critical for its
activity and that the putative autoinhibitory domain
is present within this region. In an alternate manner,
deletion of the first 10 amino acids may significantly
alter the structure of the N-terminal tail and therefore
perturb its regulatory activity. Therefore, further ex-
periments are required to determine exactly which of
the first 36 amino acids are required for autoinhibi-
tion. Work on the Ca2�-ATPases suggests that the
N-terminal deletions are more active than the
calmodulin-stimulated full-length clones (Hwang et
al., 2000a). If this is true of CAX1, then sCAX1 may be

more active than any modified form of the endoge-
nous protein. We are currently testing the hypothesis
that the altered Ca2� homeostasis exhibited in trans-
genic tobacco plants expressing sCAX1 is also the
fortuitous consequence of expressing a constitutively
activated form of the transporter (Hirschi, 1999).

Alterations in the N terminus can alter the function
of many proteins. For example, these results with
CAX1 are analogous to work done in mammalian
systems with the soluble insulin-like growth factor-I
(IGF-1). In these studies, the addition or subtraction
of N-terminal residues conferred increased activity
onto the growth regulator (Tomas et al., 1997). With
plant Ca2� transporters, there has been some evi-
dence suggesting that they can be modulated by
protein cleavage (Askerlund, 1996). Trypsin treat-
ment resulted in cleavage of the calmodulin-binding
domain from the N terminus of the cauliflower Ca2�-
ATPase BCA1 and subsequently activated this pro-
tein (Askerlund, 1996; Malmström et al., 2000). It is
conceivable that CAX1 may be regulated through
such events.

Unlike ACA2, the lCAX1 gene product was not
activated by addition of exogenous calmodulin (data
not shown). Sequence analysis of the 36-amino acid
regulatory region did not identify a calmodulin-
binding site; however, there are several putative
CDPK-binding sites (Fig. 7B). These results suggest
that CAX1 is not up-regulated by calmodulin, and
that the transporter may be activated by CDPKs or

Figure 7. A, Partial amino acid sequence alignment of the N-terminal tail region of various CAX-like genes from Arabidopsis
(lCAX1, CAX2, and CAX3), mung bean (VCAX1), and S. cerevisiae (VCX1). The aligned sequences correspond to the entire
N-terminal tails up until the first predicted transmembrane domain. The N1-36 region of lCAX1 is underlined. Alignments
were performed using ClustalW 1.8 (Baylor College of Medicine Software Programs). Identical residues are shaded in black
and similar residues are shaded in gray. Gaps introduced to maximize the alignment are denoted by hyphens. An asterisk
denotes a putative phosphorylated residue (see B). The deduced amino acid sequence of CAX2 used here was derived from
the extracted sequence of the genomic clone (accession no. AB024034). B, Amino acid sequence of the N1-36 domain of
lCAX1 highlighting putative phosphorylation sites. Putative phosphorylation sites were determined using the prediction
software NetPhos (Blom et al., 1999) and from analyzing known binding sites of CDPKs.
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other regulatory molecules. There are numerous ex-
amples in animal studies where protein kinases di-
rectly activate Ca2� transport function (Enyedi et al.,
1996).

This study suggests that sCAX1 suppression of the
vacuolar transport mutants is due to a truncated
cDNA and a second Met codon fortuitously found in
CAX1. It is unclear whether the truncated sCAX1 is
an artifact of the original yeast suppression screen
and is therefore a partial-length cDNA. In an alter-
nate manner, there may be splice variants of CAX1 in
Arabidopsis; therefore, sCAX1 and lCAX1 may be
products of alternative splicing. An informative ex-
ample of this type of regulation occurs in mammalian
PM-type Ca2�-ATPases, which exhibit alternative
splicing that alters the presence of the calmodulin
regulatory domains (Penniston and Enyedi, 1998).
We have shown previously that the CAX1 RNA lev-
els in Arabidopsis increase in response to exogenous
Ca2� in the media (Hirschi, 1999). Using primers
specific for lCAX1, we have performed RT-PCR ex-
periments on RNA from exogenous metal-treated
Arabidopsis tissues and demonstrated that the CAX1
RNA corresponds to the lCAX1 sequence (data not
shown). These preliminary studies suggest that
lCAX1 is the predominant form of CAX1 found in
Arabidopsis.

It is interesting that sequence data demonstrate
that CAX2 may contain an additional N-terminal
sequence that codes for amino acids not found in the
cDNA that suppresses yeast vacuolar Ca2� transport
mutants (Fig. 7A). Based on this sequence analysis,
CAX3, a homolog of CAX1, also contains a putative
N-terminal regulatory region very similar to that
present on CAX1. The mung bean Ca2�/H� anti-
porter, VCAX1, also contains a putative N-terminal
regulatory domain, but this region does not repress
Ca2� transport activity in yeast (Fig. 7A; Ueoka-
Nakanishi et al., 2000). This finding suggests that
mung bean may regulate Ca2�/H� transport in a
different manner than Arabidopsis. Comparisons be-
tween lCAX1 and VCAX1 may offer further insight
into the important sequences required for lCAX1 au-
toinhibition (Fig. 7A). Yeast VCX1, however, does not
possess an extended N terminus. In yeast, the func-
tion of VCX1 is inhibited by the Ca2�/calmodulin-
dependent protein phosphatase, calcineurin. Cal-
cineurin is believed to regulate VCX1 activity at the
posttranslational level (Cunningham and Fink, 1996)
and it is likely that this involves a direct protein-
protein interaction, although the possible site of cal-
cineurin binding to VCX1 is unknown.

Some of the regulatory mechanisms of other cat-
ion/H� antiporters from various species have begun
to be elucidiated. The mammalian Na�/H� ex-
changer, NHE1, contains a calmodulin-binding auto-
inhibitory domain that reduces the affinity of this
transporter for H� (Wakabayashi et al., 1997). In
addition, protein kinase-dependent regulation has

been observed for both Na�/H� and Na�/Ca2� ex-
changers in animal cells (Iwamoto et al., 1998;
Haworth et al., 1999). A long hydrophilic C-terminal
tail has recently been shown to be important for the
activity of a Na�/H� antiporter from Synechocystis sp.
PCC 6803 as truncation of this tail significantly re-
duced antiporter activity (Hamada et al., 2001). The
vacuolar Na�/H� antiporter from S. cerevisiae, NHX1,
contains a putative N-terminal regulatory domain.
This region does not act as an autoinhibitor but has
been suggested to be a cleavable signal peptide and is
absent from the Arabidopsis homologue AtNHX1
(Darley et al., 2000). The regulation of plant Ca�/H�

antiporters by N-terminal autoinhibition as proposed
in this study appears to be a novel mechanism of
regulation for cation/H� antiporters.

Growth, development, and adaptation require dy-
namic oscillations in cytosolic Ca2� levels (Navazio
et al., 2000; Hirschi, 2001). In this study, we demon-
strate that the activity of Ca2�/H� transporters may
be modulated by changes at the N terminus of these
proteins. This regulation may occur through RNA
splicing, protein cleavage, or regulation by activators
or suppressors binding to this regulatory domain. By
further analysis of the mechanisms of CAX1 regula-
tion, namely important components of Ca2� ion ho-
meostasis, the molecules that are directing the Ca2�

traffic may be identified.

MATERIALS AND METHODS

DNA Manipulation of lCAX1 cDNA

lCAX1 cDNA (EST clone, accession no. BE038949) in
pBluescript (Stratagene, La Jolla, CA) was obtained from
Dr. Hans Bohnert (University of Arizona, Tucson). The 5�
and 3� ends were sequenced to confirm that the clone was
full length. lCAX1 mutant variants (lCAX1-M1I and
lCAX1-M37I) were produced using the type IIS restriction
enzyme-based site-directed mutagenesis method (Shigaki
and Hirschi, 2001). Specific point mutations were gener-
ated by PCR using the mutagenic primers lCAX1-M1I for-
ward (5�-GAA TTC CGT CTC GAG AAA TAG CGG GAA
TCG TGA CAG AG-3�), lCAX1-M1I reverse (5�-GAA TTC
CGT CTC TTT CTC TAC TGA CTC AAA ACT TTG-3�),
lCAX1-M37I forward (5�-GAA TTC CGT CTC ACA ACA
TAT CTT CTT CTT CTT TGA GGA-3�), and lCAX1-M37I
reverse (5�-GAA TTC CGT CTC TGT TGT GAG CGG TTC
TTC CAA GTC-3�). All primers contained the type IIS
restriction enzyme site BsmBI as underlined. Truncated
variants of lCAX1 (�10-lCAX1, �20-lCAX1, �30-lCAX1,
and �32-lCAX1) were generated by PCR using the forward
primers �10-lCAX1 (5�-CGC GGA TCC ATG GTA GCT
GAG AAC GGA AAC CCA-3�), �20-lCAX1 (5�-CGC GGA
TCC ATG GCG AAA GGA TCG AGC AGA GAA-3�),
�30-lCAX1 (5�-CGC GGA TCC ATG GGA AGA ACC GCT
CAC AAC ATG-3�), �32-lCAX1 (5�-CGC GGA TCC ATG
GCT CAC AAC ATG TCT TCT TC-3�), and the CAX1
reverse primer (5�-AAC GAG CTC TTA AGA TGA GAA
AAC TCC TCC TCC TGT TGC A-3�). A BamHI site (un-
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derlined) was generated into each forward primer and a
SacI site (underlined) was generated into the reverse
primer. Three tandem copies of the HA epitope (YPYDVP-
DYA) were used to produce an in-frame fusion of HA to
the 5� end of lCAX1 by PCR, generating HA:lCAX1. The
forward primer (5�-GAT TAC GCT GCT CAG TGC ATG
GCG GGA ATC GTG ACA-3�) and reverse primer (5�-TGT
CAC GAT TCC CGC CAT GCA CTG AGC AGC GTA
ATC-3�), which both code for the last six amino acids of HA
and the first six amino acids of lCAX1, were used to gen-
erate the fusion, then an HA-specific forward primer (5�-
GAA TTC TCT AGA ATG GGC CGC ATC TTT TAC CCA
TAC GAT-3�) and the CAX1 reverse primer were used to
amplify the entire construct. An XbaI site (underlined) was
generated in the HA forward primer. All PCR amplifica-
tions were performed using the high-fidelity Expand poly-
merase kit (Roche, Mannheim, Germany). Amplification
was performed by initially heating at 94°C for 5 min,
followed by 30 cycles at 94°C for 1 min, 60°C for 1 min, and
68°C for 4 min, followed by a final 10-min extension at
68°C. The mutant and epitope-tagged lCAX1 constructs
were cloned into pGEM-T Easy (Promega, Madison, WI)
for sequencing and propagation in Escherichia coli DH5�.
All mutant and epitope-tagged lCAX1 constructs were
fully sequenced to confirm the presence of the expected
sequence and to check for the presence of unwanted
PCR-generated mismatches. The wild-type, mutant, and
epitope-tagged lCAX1 constructs were subcloned into the
yeast (Saccharomyces cerevisiae) expression vector piHGpd
(Nathan et al., 1999) for the expression in yeast.

Yeast Transformation, Growth, and Manipulations

The Saccharomyces cerevisiae strain K667 (MATa ade2-1
can1-100 his3-11, 15 leu2-3, and 112 trp1-1 ura3-1 cnb1::LEU2
pmc1::TRP1 vcx1�; Cunningham and Fink, 1996) was used.
Yeast cells were transformed using the lithium acetate
method and selected on synthetic complete minus His
(SC-His) media (Sherman et al., 1986). For Ca2� tolerance
assays, yeast were grown at 30°C for 1 to 3 d on solid YPD
medium containing 2% (w/v) Difco yeast extract, 1% (w/v)
bacto-peptone, and 2% (w/v) dextrose, and supplemented
with 200 mm CaCl2 (Hirschi et al., 1996). For liquid Ca2�

tolerance assays, yeast strains were grown to OD600 of 1.0
in SC-His medium at 30°C, then inoculated into YPD
medium supplemented with 100 to 200 mm CaCl2, and
finally grown for 16 h, shaking at 30°C, in 24-well flat-
bottomed plates. Cell growth was then determined by
OD600 measurements.

RT-PCR

Total RNA was extracted from yeast using the acid
phenol extraction procedure as described by Ausubel et al.
(1998). RT-PCR was performed by standard methods using
a specific forward primer against lCAX1 (5�-TCT CAG
AAT TTA CAA AGT TTT GAG TCA-3�) and the CAX1
reverse primer (see above). First-strand cDNA was pro-
duced using the Superscript II reverse transcription kit

(Gibco-BRL, Gaithersburg, MD), then PCR was performed
as described above.

Membrane Fractionation and Western Analysis of HA-
Tagged lCAX1

Microsomal membranes were prepared from yeast ex-
pressing HA:lCAX1-piHGpd and HA:SCAX1-piHGpd, es-
sentially as described by Hwang et al. (2000a), with a few
modifications. Transformants were inoculated into 500 mL
of SC-His and grown to stationary phase. The cells were
pelleted by centrifugation at 4,000g for 5 min, then washed
with 10 mL of ice-cold water, and finally resuspended in 10
mL of glass bead buffer {10% [w/v] Suc, 20 mm HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], pH
7.5, 2 mm EGTA, 1 mm MgSO4, and 1 mm dithiothreitol
[DTT]}. The washed cells were resuspended in 2 mL of
glass bead buffer with 0.2 mm phenylmethylsulfonyl fluo-
ride (PMSF), 5 mm benzamidine, 1 �g mL�1 leupeptin, and
5 �g mL�1 pepstatin. To break cells, an equal volume of
dry glass beads was added to cells and vortexed for 3 min
(30 s � six times) at 4°C. The samples were centrifuged at
5,000g for 5 min and the supernatants were collected. The
process was repeated three times and the supernatants
were combined. For Suc gradient fractionation, 1 mL of
supernatants from the broken yeast cells was layered onto
a 15% to 50% (w/w) continuous Suc gradient and centri-
fuged at 25,000g at 4°C for 16 h. Membrane fractions were
stored at �80°C. Protein concentrations were determined
using the Bio-Rad protein assay (Bio-Rad, Hercules, CA).

Immunoblots were performed and the HA epitope was
detected essentially as described previously (Hirschi et al.,
2001). Protein fractions were separated by SDS-PAGE on a
12% (w/v) gel and transferred to polyvinylidene fluoride
membrane (Pall Gelman, Ann Arbor, MI). The blots were
blocked in 5% (w/v) nonfat dried milk in phosphate-
buffered saline with Tween (PBS-T; 10 mm NaH2PO4/
NaOH, pH 7.2, and 150 mm NaCl with 0.1% [v/v] Tween
20) for 1 h, and then reacted with a 1:3,000 dilution of
anti-HA monoclonal primary antibody (Berkeley Antibody
Co., Richmond, CA) in PBS-T for 1 h at room temperature.
The vacuolar membrane marker antibody ALP against the
yeast vacuolar ALP (Molecular Probes, Eugene, OR) was
used at a 1:250 dilution. The blots were washed in PBS-T
before incubating for 1 h in PBS-T containing a 1:10,000
dilution of horseradish peroxidase-coupled anti-mouse
secondary antibody (Amersham, Little Chalfont, UK). The
blots were then washed in PBS-T. ECL Plus reagents (Am-
ersham) were used to develop the blots, which were then
exposed to Hyperfilm photographic film (Amersham).

Preparation of Endomembrane Vesicles

Endomembrane vesicles were prepared as previously
described (Nakanishi et al., 2001), with a few modifica-
tions. Transformants were grown in 50 mL of SC-His media
at 30°C for 2 d, then inoculated into 1 L of YPD medium.
The cells were pelleted by centrifugation at 4,000g for 5
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min, then washed with 0.1 m Tris-HCl, pH 9.4, 50 mm
2-mercaptoethanol, and 0.1 m Glc at 30°C for 10 min.
Spheroplasts were produced by incubating the cells at 30°C
for 1 h in 0.05% (w/v) Zymolyase 20T (Seikagaku Kogyo,
Tokyo), 0.9 m sorbitol, 0.1 m Glc, 50 mm Tris-MES [2-(N-
morpholino)-ethanesulfonic acid], pH 7.6, 5 mm DTT,
0.043% (w/v) YPD, and 0.25� dropout mix (Sherman et al.,
1986). The suspension was centrifuged at 3,000g for 10 min
and washed with 1 m sorbitol. Spheroplasts were resus-
pended in 50 mm Tris-ascorbate, pH 7.6, 1.1 m glycerol,
1.5% (w/v) polyvinylpyrrolidone 40,000, 5 mm EGTA, 1
mm DTT, 0.2% (w/v) bovine serum albumin, 1 mm PMSF,
and 1 mg L�1 leupeptin and homogenized with a glass
homogenizer (Wheaton Science Products, Millville, NJ).
The homogenate was centrifugated at 2,000g for 10 min and
the supernatant was then centrifuged at 120,000g for 30
min. The microsomal pellet was resuspended in 15%
(w/w) Suc solution (containing 10 mm Tris-MES, pH 7.6, 1
mm EGTA, 2 mm DTT, 25 mm KCl, 1.1 m glycerol, 0.2%
[w/v] bovine serum albumin, 1 mm PMSF, and 1 mg L�1

leupeptin) and layered onto a 35% (w/w) Suc solution,
then centrifuged at 150,000g for 30 min. Endomembrane-
enriched vesicles were collected at the interface and diluted
in 5 mm Tris-MES, pH 7.6, 0.3 m sorbitol, 1 mm DTT, 1 mm
EGTA, 0.1 m KCl, 1 mm PMSF, 1 mg L�1 leupeptin, and 5
mm MgCl2. The membranes were centrifuged at 150,000g
for 30 min and resuspended in 5 mm Tris-MES, pH 7.6, 0.3
m sorbitol, 1 mm DTT, 1 mm PMSF, and 1 mg L�1 leupep-
tin. The membrane vesicles were stored at �80°C until use.

Ca2� Transport Assay

Time-dependent 45Ca2�/H� transport into endomem-
brane vesicles was measured using the filtration method
(Hwang et al., 1997). Membrane vesicles (30–40 �g mL�1)
were incubated in a reaction mixture containing 200 mm
Suc, 25 mm HEPES-bis(tris[hydroxymethyl]methylamino)
propane (pH 7.5), 50 mm KCl, 0.1 mm NaN3, and 0.2 mm
Na orthovanadate. Vacuolar H�-translocating ATPase-
catalyzed H� transport was initiated by the addition of 1
mm MgSO4 and 1 mm ATP. The vesicles were allowed to
reach steady state with respect to the pH gradient for 5 min
at 25°C. 45Ca2� uptake was initiated by the addition of 1 to
100 �m 45Ca2� (6 mCi mL�1; American Radiolabeled
Chemicals, St. Louis). At the times indicated, 70-�L ali-
quots of the reaction mix were removed and filtered
through premoistened 0.45 �m pore-size cellulose acetate
GS type filters (Millipore, Bedford, MA) and washed with
2 mL of ice-cold wash buffer (250 mm Suc, 2.5 mm HEPES-
bis(tris[hydroxymethyl]methylamino) propane, pH 7.5,
and 0.2 mm CaCl2). The filters were air dried and radioac-
tivity was determined by liquid scintillation counting. The
�pH-dependent component of 45Ca2� uptake was deter-
mined in the presence of 5 �m gramicidin. For some ex-
periments, 45Ca2�/H� transport was measured in the pres-
ence of 0.5 to 5 �m bovine brain calmodulin (Sigma, St.
Louis).
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